Puroindolines, cationic and cystine-rich low molecular weight lipid binding proteins from wheat seeds, display unique foaming properties and antimicrobial activity. To unravel the mechanism involved in these properties, the interaction of puroindoline-a (PIN-a) with dipalmitoylphosphatidylcholine (DPPC) and dipalmitoylphosphatidylglycerol (DPPG) monolayers was studied by coupling Langmuir-Blodgett and imaging techniques. Compression isotherms of PIN-a/phospholipid monolayers and adsorption of PIN-a to lipid monolayers showed that the protein interacted strongly with phospholipids, especially with the anionic DPPG. The electrostatic contribution led to the formation of a highly stable lipoprotein monolayer. Confocal laser scanning microscopy and atomic force microscopy showed that PIN-a was mainly inserted in the liquid-expanded phase of the DPPC, where it formed an aggregated protein network and induced the fusion of liquid-condensed domains. For DPPG, the protein partitioned in both the liquid-expanded and liquid-condensed phases, where it was aggregated. The extent of protein aggregation was related both to the physical state of phospholipids, i.e., condensed or expanded, and to the electrostatic interactions between lipids and PIN-a. Aggregation of PIN-a at air-liquid and lipid interfaces could account for the biological and technological properties of this wheat lipid binding protein.
INTRODUCTION
Cereal lipid binding proteins have been extensively studied in recent years for both their unique role in seed physiology as well as for their potential applications in plant breeding and food processing of crops (Marion and Clark, 1995; Douliez et al., 2000) . Among wheat lipid binding proteins, puroindolines form a major family of proteins from seed endosperm that are isolated by Triton X-114 phase partitioning like transmembrane proteins (Blochet et al., 1993) . Puroindolines are composed of two major proteins with a molecular mass ;13 kDa, puroindoline-a (PIN-a) and puroindoline-b (PIN-b). PIN-a contains 115 amino-acid residues with five disulfide bridges and displays an unique tryptophan-rich domain (Trp-Arg-Trp-Trp-Lys-Trp-Trp-Lys). The amino-acid sequences of PIN-a and PIN-b display ;60% homology, but the tryptophan-rich domain of PIN-b is slightly truncated (Trp-Pro-Thr-Trp-Trp-Lys). Some similarities have been highlighted between the primary and secondary structures of plant nonspecific lipid transfer proteins (ns-LTP) and puroindolines (Le Bihan et al., 1996) , which suggests that ns-LTP and puroindoline three-dimensional structures are closely related (Douliez et al., 2000) .
The biological role of puroindolines is unknown. It has been suggested that these proteins could play a major role in the texture of wheat endosperm by controlling the interactions between the starch granules and the protein matrix.
This interaction involves the formation of a lipid-protein interface where puroindolines could play a key role (Morris, 2002) . Furthermore, it has been shown, in vitro, that puroindolines display antifungal properties. Especially a synergistic antifungal effect has been highlighted in presence of purothionin, an antifungal protein of wheat seeds (Dubreil et al., 1998a) . Furthermore, it has been shown that the transfer of puroindoline genes in rice enhances fungal disease resistance of this cereal plant that does not normally contain such proteins (Krishnamurthy et al., 2001) . The antimicrobial properties of puroindolines are probably related to their capability of disturbing membrane permeability (Mattei et al., 1998; Charnet et al., 2003) . All these experiments strengthen a role of puroindolines in the defense of plants against their microbial pathogens.
Interfacial and lipid binding properties of puroindolines represented also a great interest in food processing. Puroindolines adsorb rapidly at air-liquid interfaces where they form stable films responsible for the high foaming properties of these wheat proteins (Biswas et al., 2001a,b) . Interestingly, puroindolines are capable of preventing the destabilization of protein foams by lipids Husband et al., 1994) while some puroindoline-surfactant and puroindolinephospholipid complexes can exhibit higher foaming properties than the isolated protein (Wilde et al., 1993; Dubreil et al., 1997) . It has been shown that puroindolines play a major role in the formation and expansion of the gas cell in bread dough (Dubreil et al., 1998b) . By confocal scanning laser microscopy, it was shown that puroindolines display, as detergents, a defatting effect that prevents, in bread doughs, gas bubbles from coalescence and film rupture by lipid aggregates and oil droplets (Dubreil et al., 2002) .
Both biological and technological properties of puroindolines are mainly related to their interaction with lipid interfaces. Therefore, to determine the mechanisms related to the interfacial properties of puroindolines, we have studied the effect of PIN-a, the major protein of this protein family, on the structure and organization of phospholipid monolayers by coupling Langmuir-Blodgett and imaging techniques, i.e., confocal scanning laser microscopy (CLSM) and atomic force microscopy (AFM). Lipid and lipid-protein monolayers have been widely used for investigating mechanisms occurring in biological membranes and are obviously pertinent for mimicking the films that stabilize gas bubbles (Brockman, 1999; Maget-Dana, 1999) . The composition as well as the physical state of these monolayers can be easily controlled. The monolayers formed at air-liquid interfaces can be transferred to solid support with minimal perturbation to study their structure and organization at the micron and nanometer scales by fluorescence and atomic force microscopy, respectively (Hollars and Dunn, 1998; Vié et al., 2000) . Two model synthetic phospholipids were used, the zwitterionic DPPC and the anionic DPPG to highlight the impact of electrostatic interactions on the formation and structure of puroindoline-phospholipid monolayers.
MATERIALS AND METHODS
Materials 665/676, C 29 H 23 BF 2 N 2 , (E, E)-3,5-bis-(4-phenyl-1,3-butadienyl)-4,4difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY), and 555/580, C 29 H 25 N 3 O 7 , 5-carboxytetramethyl-rhodamine, succinimidylester (5-TAM-RA), were provided by Molecular Probes (Eugene, OR). A solution of BODIPY (1 mg/ml) in chloroform was prepared and stored in the dark at ÿ208C. L-a-dipalmitoylphosphatidylcholine (DPPC) and L-a-dipalmitoylphosphatidyl-dl-glycerol (DPPG) were purchased from Avanti Polar Lipids (Alabaster, AL) and were used without further purification. DPPC and DPPG stock solutions (2 mg/ml) were prepared in chloroform and in chloroform/methanol 4:1 (v:v), respectively, and stored at ÿ208C under nitrogen. PIN-a was isolated and purified using Triton X-114 phase partitioning and chromatographic techniques as previously described (Dubreil et al., 1997) . The purity of PIN-a was checked by reversed-phase high performance liquid chromatography (HPLC) and mass spectrometry.
PIN-a was conjugated with the 5-TAMRA succinimidylester as described by the manufacturer (Molecular Probes). Briefly, 10 mg of PIN-a were solubilized in 2 ml of 0.1 M sodium bicarbonate buffer, pH 8.3. The 5-TAMRA succinimidylester was dissolved in DMSO at 10 mg/ml just before starting the reaction. The reactive dye solution (50 ml) was slowly added to the protein solution and the reaction was incubated in dark for 1 h at room temperature with continuous stirring. The reaction was stopped by adding 0.1 ml of freshly prepared 1.5 M hydroxylamine, pH 8.5. The hydroxylamine was incubated for 1 h at room temperature to remove unstable dye conjugates. Labeled PIN-a (rho-PIN-a) was separated from unreacted reagent by extensive dialysis against distilled water and this separation was followed by spectrofluorimetry. Purity of the rho-PIN-a was checked by C4 reversed-phase HPLC. The efficiency of labeling reaction was determined by measuring the absorbance of the protein at 280 nm (A 280 ) and the absorbance of the 5-TAMRA dye (A 555 ) at its maximum wavelength (l max ¼ 555 nm).
The protein concentration of the protein conjugate and the degree of labeling were calculated from the following equations according to the instructions of the manufacturer.
protein concentration ðMÞ ¼
A 280 ½ÿðA 555 3 0:30Þ 2 protein 3 dilution factor;
(1)
where e is the molar extinction coefficient of PIN-a and 0.30 is a correction factor to account for absorption of the dye at 280 nm. The degree of labeling was calculated from Eq. 2, Mol of dye per mol of protein ¼ n ¼ A 555 3 dilution factor 65;000 3 protein concentration ðMÞ ;
where 65,000 is the approximate molar extinction coefficient of the 5-TAMRA, SE dye at 555 nm. The surface activity of the labeled PIN-a (rho-PIN-a) depended on the extent of labeling. In our conditions of labeling, one molecule of 5-TAMRA was bound per molecule of PIN-a (n ¼ 1) and we have checked that the surface activity of rho-PIN-a and PIN-a were identical.
Methods

Monolayer and Langmuir-Blodgett techniques
The surface pressure-area isotherms were obtained by means of a computer-controlled and user-programmable Langmuir Teflon-coated trough (KSV5000, equipped with a single movable barrier of total surface area 0.0724 m 2 ). The surface pressure was measured following a Wilhelmyplate method using a roughened platinum plate connected to a microelectronic feedback system for surface pressure measurement. Before starting the experiment, the trough was cleaned successively with deionized water, ethanol, and finally with ultrapure deionized water (UHQ ELGA, Vivendi Water Systems, France). The phosphate buffer (0.01 M phosphate, 0.1 M NaCl, pH 7.2) forming the subphase in the Langmuir film balance experiments was prepared in ultrapure water. The trough was filled up by the buffer and before each experiment, surface active impurities were removed by simultaneous sweeping and suction of the interface. For mixed monolayers, the protein and then the lipid solution were spread on the aqueous subphase using a high precision Hamilton microsyringe. It was checked that the amount of organic solvent used in these experiments does not change the shape of the protein isotherm. To ensure complete mixing of the film components at the interface and allow sufficient equilibration, monolayers at air-buffer interface were rested 5 h before a compression at 3 cm/min. The trough was thermostated by a water circulating bath at a temperature of 208C. Each experiment was repeated at least 33.
For adsorption of PIN-a to lipid monolayers, the phospholipid stock solution was gently deposited at the air-buffer interface with a microsyringe. After 10 min to allow evaporation of the solvent, films were compressed by moving the barrier at a rate of 3 cm/min and equilibrated during 3 h to the desired surface pressure. Then, the PIN-a solution (0.1 ml of 2 mg/ml in buffer) was injected into the subphase just beneath the phospholipid monolayer from the opposite side of the barrier. The increase of surface pressure due to adsorption of the protein to the monolayer was recorded automatically as function of time with a computer. The isotherms presented were the average of three experimental runs, which were reproducible within a standard deviation of 0.2 mN/m. Phospholipid and phospholipid-PIN-a monolayers were deposited at constant surface pressure onto mica for AFM and CLSM studies. To visualize the localization of fluid phase and PIN-a by CLSM, BODIPY, and rho-PIN-a, were added to a final concentration of 5 mol % to phospholipid and protein solutions, respectively. The labeled molecules were spread at the air-water interface and after an equilibration period of 10 min, lipid, protein, or lipid-protein monolayers were compressed to the desired surface pressure. After an equilibration period of ;3 h, transfer was performed by pulling freshly cleaved mica through the air-water interface at a rate of 1 mm/min under constant surface pressure.
Confocal laser scanning microscopy (CLSM)
The lipid films deposited onto mica were imaged with an inverted Zeiss LSM 410 Axiovert microscope. CLSM was used with the appropriate laser excitation and filters for each fluorescent probe. Rho-PIN-a was excited by the 543-nm line of the green He-Ne laser with a long pass at 570 nm, and BODIPY was excited by the 633-nm line of the He-Ne laser with a long pass at 665 nm.
Atomic force microscopy
Surface images of the Langmuir-Blodgett monolayers were obtained under ambient conditions using a Pico-plus atomic force microscope (Molecular Imaging, Phoenix, AZ) operating in contact mode and acoustic ACt mode. Two scanners of 100 mm and 10 mm were used for measurements. Topographic images were acquired in constant force mode using silicone nitride tips with nominal spring constant of 60 mN/m. Either triplicate samples were prepared for each monolayer composition and at least five separate areas were imaged for each sample. At a surface pressure of 4.5 mN/m, the DPPC pressure area (p-A) isotherm (curve 1) exhibited a typical LE-LC phase transition evidenced by a plateau in the p-A isotherm as previously observed (Disher et al., 1999; Minones et al., 2002) . Contrary to DPPC, the PIN-a isotherm (curve 10) was quite expanded with a characteristic plateau at p ¼ 12.5 mN/m. The mixed PIN-a/DPPC monolayer exhibited an intermediate behavior compared with what it was displayed by single protein and lipid components. Even at very low concentration, the presence of PIN-a strongly affected the shape of the compression isotherm. As the PIN-a concentration increased, the typical plateau observed for pure DPPC gradually disappeared and the LE-LC phase transition was shifted to higher surface pressure, 6 mN/m for a molar protein fraction X PIN-a ¼ 0.09, (curve 4). From X PIN-a ¼ 0.055 (curve 3), the p-A isotherms for the mixed PIN-a/DPPC exhibited an inflection point similar to the plateau curve for pure PIN-a at a surface pressure of 12.5 mN/m. A third inflection point was observed at a surface pressure of 30 mN/m from X PIN-a ¼ 0.055 (curve 3) to X PIN-a ¼ 0.125 (curve 5). Above 35 mN/m, the isotherms of the mixed lipid-protein monolayers coincided with that of pure DPPC.
RESULTS
Isothermal compression of mixed PIN-a/DPPC and PIN-a/DPPG monolayers
The inset of Fig. 1 A (curves 6-10) shows compression isotherms of DPPC/PIN-a mixed monolayers with higher PIN-a content, i.e., [12.5 mol %. At these higher X PIN-a , the p-A isotherms resembled those of pure PIN-a isotherm. As the PIN-a concentration increased, the curves were gradually shifted toward higher values of mean molecular area and from X PIN-a ¼ 0.33 (curve 7), the typical inflection point of DPPC totally disappeared. The interaction between PINa and DPPC at the air-water interface can be examined by plotting the mean molecular area of the mixed monolayer as a function of the molar fraction of PIN-a. Fig. 2 shows such a plot at a surface pressure of 15 mN/m. Theoretical values of molecular area were calculated on the basis of an additive relation (Gaines, 1966) . In the ideal case, the mean molecular area displayed a linear behavior versus PIN-a molar fraction (dotted line in Fig. 2 , for DPPC). A positive deviation from linearity was observed from X PIN-a ¼ 0.09 to X PIN-a ¼ 0.66, FIGURE 1 (A) p-A Langmuir isotherms of DPPC (curve 1), PIN-a (curve 10), and PIN-a/DPPC monolayers (at increasing PIN-a concentration from curves 2-9) spread on buffer subphase (0.01 M phosphate buffer, 0.1 M NaCl, pH 7,4) at 208C. Curves 1-10 correspond to PIN-a molar fractions of (1) 0, (2) 0.014, (3) 0.055, (4) 0.09, (5) 0.125, (6) 0.185, (7) 0.33, (8) 0.5, (9) 0.66, and (10) 1, respectively. (B) p-A isotherms for DPPG, PIN-a, and PIN-a /DPPG monolayers (see Fig. 1 A for experimental conditions). Curves 1-9 correspond to PIN-a concentration in molar fraction of (1) 0, (2) 0.014, (3) 0.055, (4) 0.125, (5) 0.185, (6) 0.33, (7) 0.5, (8) 0.66, and (9) 1, respectively.
suggesting a nonideal mixing of the components in the film. The maximal positive deviation from ideal mixing was observed at X PIN-a ¼ 0.125, where it was almost 23 higher than the ideal value. Fig. 1 B shows experimental p-A isotherms of DPPG and DPPG-PIN-a films. As shown in Fig. 1 B (curve 1) , the typical LE-LC phase transition of DPPG took place at ;10 mN/m, in agreement with previously reported values (Subirade et al., 1995) . As for PIN-a/DPPC monolayers, the mixed monolayers of PIN-a and DPPG (curves 2-8) exhibited an intermediate behavior compared with what it was observed for single lipid, X PIN-a ¼ 0, i.e., pure DPPG (curve 1) and protein, X PIN-a ¼ 1, i.e., pure PIN-a, (curve 9) components. Fig. 1 B shows that, even at low PIN-a content X PIN-a ¼ 0.014 (curve 2), the shape of the DPPG isotherm was highly affected with a gradual disappearance of the typical plateau displayed by the pure DPPG at 10 mN/m. From X PIN-a ¼ 0.014 (curve 2), an inflection point at 30 mN/m was observed for the mixed PIN-a/DPPG p-A isotherms. In contrast with the mixed DPPC/PIN-a monolayer, it was observed that, at 35 mN/m, the molecular area of the DPPG/PIN-a monolayer was higher than the molecular area of the pure DPPG.
Mean molecular area for mixed PIN-a/DPPG monolayers was plotted versus the molar fraction of PIN-a. A positive deviation from linearity (straight line) was observed between X PIN-a ¼ 0.014 and X PIN-a ¼ 0.66 (see Fig. 2 ). It was worthy to note that, in the case of DPPG/PIN-a monolayers, the positive deviation of molecular area occurred at a lower PIN-a molar fraction than DPPC/PIN-a monolayers. The maximum difference between ideal mean molecular area of the mixed DPPG/PIN-a monolayer at 15 mN/m represented almost a factor of 2 at X PIN-a ¼ 0.185, whereas such a difference was observed at X PIN-a ¼ 0.125 for the DPPC/PIN-a mixed film. However, at below and above these X PIN-a limiting values, the expansion induced by the protein was higher for the DPPG than for the DPPC monolayers.
Adsorption of PIN-a to DPPC and DPPG monolayers
The adsorption of PIN-a to phospholipid monolayers was studied in presence of zwitterionic (DPPC) and negatively charged phospholipids (DPPG) at different surface pressure. PIN-a solution was injected beneath the spread lipid monolayer kept under a defined initial surface pressure (5, 10, 15, 20, 25, 30 , and 35 mN/m) at X PIN-a ¼ 0.2. The adsorption of PIN-a to the lipid film was accompanied by an increase of surface pressure. Table 1 shows that the increase of surface pressure due to the adsorption of PIN-a to the lipid monolayer was greater with lower initial pressure of the lipid film. The increase of surface pressure due to the adsorption of PIN-a was greater in the presence of negatively charged DPPG than with zwitterionic DPPC. The critical pressure which is the value of initial pressure beyond which there is no increase in surface pressure was ;25 mN/m and 35 mN/m for DPPC and DPPG, respectively.
Effect of PIN-a on the structure and organization of DPPC monolayers
To study the effect of PIN-a on the structure and organization of phospholipid monolayers, PIN-a was injected beneath a preformed lipid monolayer containing 5 mol % BODIPY and compressed to 15 mN/m. The dark and bright regions of the DPPC monolayer displayed identical shapes with the LC and LE phases, respectively, that have been described for other fluorescent lipid probes such as Rh-DPPE (Disher et al., 1999) , NBP-PC (Taneva and Keough, 2000; Ruano et al., 1998) , and SR-DPPE (Signor et al., 1994) . Therefore, the fluorescent BODIPY probe was actually excluded from the condensed phases although it was not covalently bound to a phospholipid molecule. Furthermore, no significant effect of the fluorescent probe on the p-A isotherm of DPPC was noticed (results not shown). The laser confocal image reported in Fig. 3 A shows the monolayer of DPPC-BODIPY compressed at an initial surface pressure of 15 mN/m and equilibrated for 3 h before transfer onto the solid mica substrate. The black nonfluorescent domains (LC phase) were dispersed very homogeneously in a fluorescent environment (LE phase; see Fig. 3 A, inset). The condensed domains with a size close to 25 mm displayed a kidney-bean shape in agreement with previous observations (Nag et al., 1991; Perez-Gil et al., 1992) . The laser confocal image presented in Fig. 3 B shows the DPPC-BODIPY monolayer, 2 h after the injection of PIN-a beneath the monolayer, with a final surface pressure of the monolayer close to 21 mN/m. The distribution and shape of condensed domains changed. The LC domains coalesced to form larger areas heterogeneously dispersed in the LE phase (see Fig.  3 B, inset) .
The localization of PIN-a in the DPPC monolayer was studied by using a PIN-a solution containing 5 mol % of PIN-a labeled with fluorescent rhodamine (rho-PIN-a). The conditions of preparation of the DPPC monolayer (p i ¼ 15 mN/m) and of injection of the fluorescent labeled PIN-a (p 2h ¼ 21 mN/m) were as described for the experiments performed with nonlabeled PIN-a. The rho-PIN-a gave rise to a p-A isotherm strictly identical to that of nonconjugated PIN-a (results not shown). In Fig. 3 C, the protein fluorescence was distributed in the film as small bright spots surrounded by a nonfluorescent black matrix. The black matrix can form large circular zones with a diameter from 10 mm to [30 mm, quite similar to the LC phase observed with the BODIPY labeling (see Fig. 3 B) . Therefore, the protein fluorescence was mainly located in the LE phase.
At the nanometer resolution of AFM, more detailed features of the lipid monolayer in presence or absence of PIN-a can be highlighted. Fig. 3 D shows an AFM image (15 mm 3 7.5 mm) of a DPPC monolayer imaged that was previously observed by CLSM (see Fig. 3 A) . This image clearly shows two distinct height areas. The higher regions are brighter and can be designated the LC phase, whereas the darker regions represent the fluid LE phase. These LC and LE phases have been previously described (Yang et al., 1995; Hollars and Dunn, 1998; Vié et al., 2000; Krol et al., 2000) and such a conclusion was in agreement with our observations in CLSM. Using AFM, the height difference between the LC domains and the LE phase was measured and a value of 1.2 6 0.2 nm was obtained for a monolayer compressed at 15 mN/m, in agreement with data obtained (;1 nm) on DPPC/DPPG monolayer transferred at the same surface pressure (Krol et al., 2000) . However, the dark LE phase contained smaller bright LC domains (;0.2-mm diameter) which were aggregated at the periphery of the larger bright LC domains. Although the large LC domains were easily observed in CLSM (see Fig. 3 A) the small ones could not be highlighted because of the lower resolution of CLSM vs. AFM. The origin of these small LC domains dispersed in the LE phase remains unclear. It has been suggested that either there is a real coexistence of these small LC domains and the LE phase in the lipid monolayers (Chi et al., 1993; Yang et al., 1995) or that these small domains would be artifactually introduced on transfer of the monolayer on the solid support (Fang and Knobler, 1995; Santesson et al., 1995; Sikes and Schwartz, 1997; Hollars and Dunn, 1998; Shiku and Dunn, 1998) . Fig. 3 E (7.5 mm 3 15 mm) and F (5 mm 3 5 mm) represents AFM images obtained 2 h after the injection of PIN-a beneath the DPPC monolayer, the experimental conditions being identical to those described for Fig. 3 C. In presence of PIN-a, the image displayed a contrasted inversion in the difference of height between the large circular LC domains and the surrounding matrix. The circular domains appeared darker than the background. In Fig. 3 F, the presence of a thick network with large aggregates in the background could indicate that the PIN-a was inserted mainly in areas identified as the LE phase with BODIPY labeling. The apparent difference of height between LE and LC phases can be measured by AFM and the value is 1.7 6 0.2 nm. This showed that the fluid phase has increased in thickness by 2.9 nm in presence of PIN-a compared to the DPPC alone. These aggregates corresponded probably to PIN-a aggregates (see Fig. 3 F, plain arrow) localized as fluorescent domains in the LE phase of DPPC by confocal microscopy (see Fig. 3 C) . Furthermore, the LC domains of DPPC contained numerous and small globular protrusions (see Fig. 3, E and F, open arrow) which could also correspond to the insertion of small PIN-a aggregates. These globular structures in the LC domains were too small (60-300 nm) to be observed at the resolution level of confocal microscopy.
Effect of PIN-a on the structure and organization of DPPG monolayer
A representative CLSM image of DPPG-BODIPY monolayer (p i ¼ 15 mN/m) is presented in Fig. 4 A. Before injection of PIN-a, the black condensed domains of DPPG were dispersed homogeneously in the fluorescent LE phase (see inset, Fig. 4 A) . The mean size of the condensed domains was ;15 mm. The CLSM image presented in Fig.  4 B shows the structure and organization of the DPPG-BODIPY monolayer, 2 h after the injection of PIN-a beneath the monolayer, with a final surface pressure of the monolayer close to 22 mN/m. Upon insertion of PIN-a, an heterogeneous size distribution of the condensed domains was observed with many small domains close to 5 mm. Fig. 4 C shows the DPPG-PIN-a mixed monolayer at identical initial and final surface pressure using the fluorescent rho-PINa probe. Comparing Fig. 4, B and C, the fluorescence of rho-PIN-a was observed homogeneously in the BODIPY-rich area formed by DPPG in LE phase. In Fig. 4 C, interestingly, rho-PIN-a appeared also in LC domains where they formed conical-shape areas (CSAs).
AFM images confirmed the presence of conical shape inclusions in the LC domains of the DPPG monolayer after injection of PIN-a. In Fig. 4 D, one can note that these CSAs were less numerous and smallest at the periphery of LC domains in agreement with the low protein fluorescent signal detected by CLSM in that peripheral zone (Fig. 4 C) . CSAs were heterogeneous in size and regularly dispersed in the LC domains of the DPPG monolayer. Fig. 4 E shows an AFM image (10 mm 3 5 mm) of DPPG monolayer in absence of PIN-a. The phase separation at p ¼ 15 mN/m was observed and the LE phase of DPPG did not contain small LC domains as it was described for DPPC at this surface pressure. A height difference of 2 6 0.2 nm was observed between the LE and LC phase of the DPPG monolayer. Fig. 4 F presents the circular LC domain and the fluid phase domain in a DPPG/PIN-a monolayer at the same magnification as shown in Fig. 4 E. In presence of PIN-a, the LE and LC domains of DPPG were still dark and bright, respectively. In this case, a height difference of 1.1 6 0.2 nm was observed between LC and LE phases. In contrast with what it was observed with DPPC, no height inversion was observed in the presence of PIN-a. This suggested that PIN-a could be localized in the dark zones of the LE phase and of CSAs dispersed in the LC phase. In Fig. 4 G, it was also observed that the adsorption of PIN-a led to very numerous and small LC domains uniformly partitioned in the LE phase. Fig. 4 , I and J, show that the CSAs found in the LC domains of DPPG/PIN-a monolayer contained small LC domains in a more fluid phase. Finally, the insertion of PIN-a in the LE phases inducing an increase of lateral pressure could be responsible for the condensation of the lipids in these phases. In contrast in the CSA, PIN-a seems to split the LC phase into smaller domains. In Fig. 4 , H and I, white protrusions of higher height were observed, both in the LE phase and in the CSA. In a few places very localized on the sample the protrusions formed a network of interconnected filaments and globular structures. These protrusions could correspond to PIN-a aggregates.
We also studied the insertion of PIN-a in a DPPG monolayer compressed at a higher surface pressure (p i ¼ 25 mN/m). At this surface pressure, the insertion of PIN-a in the DPPG monolayer led to an overpressure ;3 mN/m. Fig. 5 A shows an AFM image (25 mm 3 12.5 mm) of DPPG monolayer before injection of PIN-a compressed to 25 mN/m. At this surface pressure, only the condensed phase was observed for the lipid monolayer. Fig. 5 B represents an AFM image (25 mm 3 12.5 mm) of the DPPG monolayer, 2 h after the injection of PIN-a, where domains of different height are evident. At higher magnification, in Fig. 5 C, it was observed that the higher domains formed a network of filaments. These filaments were 0.9 6 0.2 nm higher than the lower part of the film, a value close to that obtained for the PIN-a insertion in the DPPG monolayer compressed initially at 15 mM/m. Zooming on this network, in Fig. 5  D, showed that the long filaments were composed by aggregation of globular structures with a diameter close to 15 6 0.2 nm. Fig. 5 E shows that such globular units displayed similar diameter in the aggregates observed after adsorption of the protein alone at p ¼ 14 mN/m. Finally, the observations done by CLSM at the same surface pressure (25 mN/m) using rho-PIN-a showed that the protein is heterogeneously dispersed in the monolayer, forming relatively large domains (see inset, Fig. 5 C) . In most cases, the size of these protein domains is well above that of the filament network observed by AFM. From a comparison of AFM and CLSM data, we can suggest that the protein could be both adsorbed under the DPPG film (CLSM) and could penetrate the monolayer where it formed an aggregated network.
DISCUSSION
Lipid monolayers are interesting model systems to explore the role of lipid-protein interactions in the function and organization of cell membranes (Brockman, 1999; Maget-Dana, 1999) as well as in the formation and stability of food interfaces, e.g., foams and emulsions (Mackie et al., 1999) . Furthermore, the structure and organization of the lipoprotein monolayers can be easily investigated by coupling Langmuir-Blodgett and imaging techniques (Hollars and Dunn, 1998) . For the first time, we have applied such an approach to puroindolines, wheat seed proteins whose interfacial properties are related to both their biological and technological functions (Douliez et al., 2000) . In this study, we have chosen two synthetic phospholipids, DPPC and DPPG, which permits the observation of both LE and LC phases at a surface pressure and the exploration of the electrostatic contribution in the lipid-protein interactions. Fundamental information on the behavior of the protein at such model lipid interfaces was essential to obtain before undertaking the exploration of the interactions of puroindolines with more relevant membrane and food phospholipids.
The p-A isotherms of mixed PIN-a/phospholipid monolayers show three distinct regions corresponding: 1), to the phase transition of the pure lipids (4-5 mN/m for DPPC and 10 mN/m for DPPG); 2), to the phase transition of PINa (12.5 mN/m); and 3), to a transition (30 mN/m) specific to the mixed lipid-protein system. Beyond the latter transition, the coincidence of the isotherms of mixed DPPC/PIN-a and pure DPPC monolayers suggests that the protein is expelled from the lipid monolayer into the subphase. On the contrary, the higher molecular area of DPPG/PIN-a monolayers at [30 mN/m than for pure DPPG suggests that squeezing PIN-a out of the DPPG monolayer is not completed. Upon mixing PIN-a with DPPC and DPPG, the mean molecular area measured at 15 mN/m shows a positive deviation far from an additive behavior of the isolated lipid and protein. This nonideal mixing is more significant for DPPG than for DPPC monolayers. These results show that PIN-a interacts with both synthetic phospholipids and displays a higher affinity for DPPG than for DPPC. Similar conclusions arise from adsorption experiments where the critical surface pressure for the adsorption of PIN-a is higher for DPPG (35 mN/m) than for DPPC (25 mN/m) monolayers. The monolayer experiments confirm previous results obtained on lipid bilayers composed by synthetic phospholipids and wheat polar lipids (Dubreil et al., 1997; Le Guernevé et al., 1998) . PIN-a contains an amphiphilic and cationic tryptophan-rich domain (Trp-Arg-Trp-Trp-Lys-Trp-Trp-Lys), which is probably involved in the interaction with the hydrophilic glycerol backbone, acyl chain, and negatively charged phosphate group of the phospholipids as observed in membrane proteins (Killian and von Heijne, 2000) . Since PIN-a contains eight arginine and six lysine residues and displays a high net positive charge (15), the overall electrostatic contribution in the lipid-protein interaction is significantly higher for DPPG than for DPPC. In a first attempt, both local (tryptophan-rich domain) and overall electrostatic contributions can potentiate the lipid-protein interactions and therefore promote insertion of the protein in condensed lipid monolayers and prevent protein from squeezing out of DPPG monolayers at high surface pressure.
Confocal laser scanning microscopy (CLSM) and atomic force microscopy (AFM) provides complementary information on the structure and organization of the phospholipid and phospholipid-protein monolayers that are related to the data obtained by monolayer experiments. The imaging experiments have been performed using PIN-a adsorption to phospholipid monolayers spread at initial surface pressures of 15 and 25 mN/m. At 15 mN/m, where both LE and LC phases are present, PIN-a adsorbs both to DPPC and DPPG monolayers whereas, at 25 mN/m where lipids are in the condensed state, significant adsorption occurs only to the DPPG monolayer. By CLSM, it is observed that, at an initial pressure of 15 mN/m, PIN-a partitions in the LE phase of DPPC and induces the coalescence of the LC domains. By AFM it is observed that PIN-a self-associates in the fluid LE phase to form large aggregates that are probably responsible for the increase of the thickness of this LE phase. In AFM, small globular protrusions (60-300 nm) are observed within the large condensed domains of DPPC. These small protrusions, not observed at the limited resolution of CLSM, could correspond to small PIN-a aggregates that are not totally excluded from the LC phase of DPPC. Furthermore, the pure protein spontaneously spreads at the air-water interface where AFM reveals the formation of a highly and heterogeneously aggregated film. Therefore, we suggest that PIN-a adsorbs at the air-water interface where protein aggregates and then penetrates the loosely packed regions of the lipid monolayer. Since experiments are performed near the saturation of the lipid binding sites of PIN-a, some protein aggregates are available to rearrange and penetrate the more condensed domains of the DPPC monolayer. Such a mechanism can account for the weak effect of PIN-a on the gel-fluid phase transition of dimyristoylphosphatidylcholine bilayers (Le Guernevé et al., 1998) .
In the case of a DPPG/PIN-a monolayer spread at an initial pressure of 15 mN/m, fluorescent microscopy reveals that PIN-a splits larger LC domains into smaller ones. The protein is located both in the LE phase and in the LC domains of DPPG monolayer. PIN-a forms conical shape areas (CSAs) in the condensed domains. Detailed structure of CSAs provided by AFM images suggest that they contain both PIN-a aggregates and small condensed lipid domains in a fluider phase. Furthermore, in presence of PIN-a, the LE phase of the DPPG is strewed with small numerous islands of condensed lipids. The presence of these small condensed domains confirms the splitting of the LC domains into smaller ones that is observed by CLSM. Therefore, interaction of the positively charged PIN-a with negatively charged DPPG induces a significant rearrangement of the condensed domains at both the micron and nanometer scales. Such effects that occur at a protein molar fraction (X PIN-a ¼ 0.2) close to the saturation of the binding site (Wilde et al., 1993; Dubreil et al., 1997) could account for the suppression of the gel-fluid phase transition of dimirystoylphosphatidylglycerol bilayers observed at this lipid-protein ratio (Le Guernevé et al., 1998) .
When the DPPG monolayer is initially compressed at 25 mN/m, AFM imaging shows that the protein is capable of penetrating the highly condensed lipid phase where it forms an aggregated network. CSAs are no longer observed at this high surface pressure. Furthermore, it is observed by the CLSM that the protein is adsorbed to the condensed monolayer, where it forms heterogeneously dispersed domains with a surface area well above the surface area covered by the aggregated PIN-a network highlighted by AFM. Therefore, at this surface pressure only a part of the aggregated protein is capable of penetrating the monolayer. It can be suggested that with increasing surface pressure, the high lipid packing promotes the self-aggregation of the protein adsorbed at the polar interface of the lipid monolayer. Afterwards, some of the protein aggregates can insert into the monolayer where they rearrange in a protein network and not in CSA. The interactions between the lipids and the aggregated protein leads to the formation of a very stable lipoprotein film that can be observed above 30 mN/m in compression isotherms.
Finally, the PIN-a adsorption experiments realized in DPPC and DPPG monolayers, at different surface pressure, suggest that the degree of penetration of PIN-a in the phospholipid monolayers is probably related to the aggregation properties of PIN-a. Aggregation of the protein is driven by the charge of the lipid headgroups and lipid packing. Furthermore, AFM images of puroindoline monolayer shows that the protein alone is capable of forming highly aggregated films at the air-water interface. Desorption of proteins from foam films is generally promoted through competition with more surface-active molecules such as polar lipids and surfactants (Dickinson and Woskett, 1989 ). On the contrary, puroindoline foams are resistant to destabilization and display in some cases enhancing foaming properties in the presence of surface-active molecules (Wilde et al., 1993; Dubreil et al., 1997) . Therefore, the aggregation state of puroindolines and puroindoline-lipid complexes at air-water interface probably account for the unique foaming properties of these proteins.
From a biological standpoint, our results demonstrate that PIN-a interferes on the lipid-lipid interactions within membranes since it can penetrate a phospholipid monolayer at a surface pressure close to the surface pressure, i.e., 30-45 mN/m, estimated for the biological membrane (Demel et al., 1975; Feng, 1999; Nagle, 1976) . This property probably accounts for the antimicrobial properties of puroindolines (Dubreil et al., 1998a) . In this regard, recent studies have demonstrated that puroindolines form ion channels in membranes (Charnet et al., 2003) . Our results suggest that the permeability changes could be due mainly to changes in the lipid packing induced by the protein aggregates in the membrane. The relatively high puroindoline concentrations needed to observe ion channel activity (Charnet et al., 2003) and inhibition of fungal growth (Dubreil et al., 1998a) could be related to the necessity of the formation of protein aggregates for the expression of these biological properties. In any cases, we do not observe formation of organized protein oligomers in the lipid monolayer as described for pore-forming peptides and proteins (Diociaiuti et al., 2002; Müller et al., 2002) . However, the phospholipids used here and in previous ion-channel experiments (Charnet et al., 2003) are different and, as mentioned above, the nature of the lipid used can impose a significant drawback on the aggregation state of the puroindoline in the lipid film. Therefore, it clearly appears that it should be essential to further study the relationship between the lipid composition and the aggregation properties of puroindolines at the lipidwater interface.
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